Abstract: We achieve Fano-like resonances in an all-in-fiber structure embedded with an in-line Mach-Zehnder interferometer (MZI). A fiber Bragg grating is inserted into MZI's one arm to form a resonance, which functions as the discrete state of the Fano-like resonance to couple with the continuum propagating mode of MZI in the fiber core. A theoretical model predicts the controllable resonance lineshape by changing the phase difference between the MZI's two interference pathways. Fano-like resonances with an extinction ratio over 20 dB are experimentally observed, which are reliably tuned into Lorentzian and electromagnetically induced transparency-like resonances by versatile methods. The realization of Fano-like resonances with broad tunability in this all-in-fiber structure holds potentials in fiber-based applications of sensing, signal processing and nonlinear optics.
Introduction
Recently, Fano-like resonances in photonic structures have attracted great research interests. Comparing with conventional Lorentzian resonances, Fano-like resonances have asymmetric lineshapes [1] , which therefore provide good potential for controlling the propagation velocity of light [2] , [3] , lowering the power threshold of optical switching [4] , and enhancing the sensitivity of optical sensing [5] . Similar to those defined in the quantum systems [6] , [7] , Fano-like resonances in optical systems are realized by interfering a discrete resonance state with a continuum of states. And electromagnetically induced transparency (EIT) is a result of Fano interference that requires coupling of a discrete transition to a continuum, creating a narrow transparency window due to elimination of the resonant absorption [8] . A variety of optical microresonators with narrow resonance linewidths such as chip-integrated microrings and microtoroids [9] , individual microspheres [10] , and microbottles [1] , [11] , have been coupled with interferometers of wide spectrum to form Fano-like resonance lineshapes. However, to access resonant modes in these microresonators, tapered microfibers or lensed fibers are essential, which make the coupling configurations rigorous and require the strict coupling gap and phase matching condition [12] , [13] . For instance, coupling with a microtoroid requires the microfiber to have waist diameters smaller than 2 μm [10] - [12] , [14] , and the coupling efficiency strongly depends on their coupling gap. It is a challenge to package these fibers and micro cavities into a compact system. In addition, the fabrication processes for microcavities and microfibers are complicated.
Realizing an all-in-fiber arrangement for Fano-like resonance would be attractive for solving these problems. Here, we propose a fiber structure with an in-line Mach-Zehnder interferometer (MZI) to implement the realizations of Fano-like resonances. The two arms of the MZI are the core mode and cladding modes propagating in a D-shaped fiber, respectively. An optical cavity is formed in one arm of the MZI by inserting a fiber Bragg grating (FBG). Because of the easy tunability of the in-line MZI and FBG, the resonance lineshapes could be tuned into Lorentzian or EIT-like resonance lineshapes via bending and twisting. Experimental results verify the theoretical analysis well and represent a Fano-like resonance lineshape with an extinction ratio of over 20 dB and a slope rate about 32.6 dB/nm. Compared with other reported devices, the proposed in-line fiber structure has no tapered microfiber and separated microresonators. It is robust, compact, of easy fabrication, and broad tunability, showing great potentials to be employed in fiber-based applications, including sensing, signal processing, nonlinear optics, etc.
Theoretical Model for All-in-Fiber Fano-Like Resonances
A theoretical model was built to study the generation and features of Fano-like resonances in the proposed structure, as schematically depicted in Fig. 1(a) . An in-line fiber MZI was constructed by splicing a short segment of single fiber with slightly misaligned fiber core. An FBG is inscribed into the short fiber segment. The two splicing joints of the MZIs act as the beam splitter and beam combiner, respectively. The input light, with an electric component E 0 is divided into the core mode E 1 and cladding modes E 2 at the first splicing joint, and then mixed at the second joint and partly coupled back to the core of the lead-out SMF, forming the output light E 3 . The propagating core mode E 1 will be reflected by the inscribed FBG at the distributed Bragg reflection wavelength. For the sake of simplicity, we assuming a splitting ratio of 50:50 at the splicing joint. And the transmissivities of the splicing joint and FBG are t s and t FBG , respectively, then the reflectivity of the FBG is 1-t FBG , as shown in Fig. 1(a) . The total transmission of the whole in-line MZI can be expressed as
Where, ϕ FBG and ϕ s are the phase shift induced by the FBG and two splicing joints, respectively, ϕ MZI = 2π n eff (λ)L D /λ is the initial static phase difference accumulated between the MZI's two interference pathways, depending on the propagating distance L D , the effective refractive index (RI) difference n eff between the two pathways, and the light wavelength λ. Additionally, an extra phase delay ϕ e can be introduced by bending, heating or twisting the device, to adjust the position of the interference dip of the MZI.
To obtain further insight, we numerically solved Eq. (1) by using the transfer matrix method to disclose the generation and tunability properties of the Fano-like resonances. Transmission spectra of the individual FBG and MZI are plotted in the top curve of Fig. 1(b) . In the simulation, the transfer matrix T s of the splicing joint is determined as [4] T s = 1
where r is the amplitude reflectivity of the splicing joint, and then the transmissivity t s = √ 1 − r 2 . The generation of Fano-like resonance is independent of the transmissivity, but will affect the visibility of MZI and then the extinction ratio of Fano-like lineshape. Here, the r value is set as 0.05 for high visibility (∼30 dB) of MZI. The employed FBG is apodized with a super-Gaussian profile
4 ] for calculating the spectrum. Where, A and G are the constants in the Gaussian function, z and L is the grating position and total length. Actually, the apodization of FBG can effectively eliminate the sidelobes and ripples in the Fano-like resonance spectrum. For the apodized FBG, the transfer matrix T FBG of the FBG is given by the previous report in [15] . Therefore, the transfer matrix T for the entire device is determined by T s , T FBG , and the phase delay matrix in the fiber core excluding FBG section. Fig. 1(c) gives the zoomed spectra of the FBG, MZI and then inducing Fano-like resonance. We can observe the Fano-like lineshape, resulting from the coupling interaction between the Bragg resonance in the FBG and the continuum propagating mode of MZI in the fiber core. Also from Fig. 1(c) , we use an approximately Lorentzian lineshape to describe the symmetric spectrum of the FBG, which is just for comparison to the asymmetric Fano-like lineshape. The transmission spectrum of 15 mm long MZI has a period of around 31.3 nm.
The change of ϕ e will lead to a global spectrum shift of the MZI, which couples with the FBG will give various lineshapes at the FBG wavelength. When ϕ e = π, the MZI transmission has a peak at the FBG wavelength, and a Lorentzian transmission dip superimposes over it. By changing ϕ e to π/4, the spectrum lineshape at FBG wavelength evolves from a symmetric dip into an asymmetric peak, and further converts to a symmetric EIT-like peak when ϕ e = 0. When ϕ e is changed to −π/4, the sharply asymmetric Fano-like lineshape appears again.
For the FBG embedded in the MZI, the contribution of the FBG on the Fano-like resonance is significant when the resonant dip of MZI is close to the Bragg wavelength λ B , due to strong contrapropagating coupling of the core mode. We can therefore observe sharply asymmetric Fano-like lineshapes in Fig. 1(b) , resulting from the coupling between the MZI and Bragg resonance formed by FBG. In view of this mechanism, the formed Fano-like resonance lineshape depends critically on the resonant wavelength of the MZI dips determined by the extra phase shift ϕ e .
Device Fabrication
In-line MZI structures are compact, robust and of easy fabrication, and usually involve two fiber mode-coupling joints. For instance, the MZIs consisting of up-tapers or lateral-offsets, or peanutshape structures [16] , [17] , or employing single-mode/multi-mode/single-mode (SMS) or twin-core fiber structures [18] , [19] have been implemented to achieve the intermodal interference. Here, we inserted a small segment of asymmetrical D-shaped fiber to construct the MZI, as shown in Fig. 2(a) , which promises sensitive wavelength responses and broader tuning on the mechanical strain, bending and temperature [20] . The inset shows the cross-section of the employed D-shaped fiber with the asymmetric structure, the fiber core with a diameter of 9.57 μm is placed at a distance of 3.55 μm from the flat surface. In the splicing process, a polarization-maintaining (PM) fiber arc fusion splicer was employed to fabricate the MZI with D-shaped fiber, and then the offset, arc power/time and other splicing parameters can be precisely controlled by the splicer program. In particular, the orientation of flat surface of D-shaped fiber is also adjusted by rotating θ-axis motor of the splicer.
The prepared MZI structure was firstly hydrogenated for photosensitivity enhancement, and then a FBG was UV-inscribed into the D-shaped fiber by using the scanning phase-mask technique and a frequency-doubled continuous wave argon-ion laser [20] , [21] . During the inscription, the flat surface of D-shaped fiber is rotated to face the phase mask and UV-laser, avoiding the asymmetric edge diffraction for an improvement of the inscription efficiency. The lengths of D-shaped fiber and inscribed FBG are 15 mm and 5 mm, respectively, and the FBG is close to the first splicing joint. Light from a broadband supercontinuum (superK) source is launched into the fabricated device, and its transmission spectra are monitored by an optical spectrum analyzer (OSA). Figure 2 (b) displays the measured transmission spectrum. We can clearly observe MZI's periodical interference dips with good visibility of >15 dB and a free spectral range (FSR) of 44.38 nm in the range of 1490∼1610 nm, and a sharply asymmetric Fano-like lineshape with an extinction ratio of over 20 dB and a slope rate about 32.6 dB/nm. The extinction ratio and slope rate represent the difference and steepness between the peak and dip of Fano-like resonance spectrum, and they are key parameters for Fano resonance in many applications [22] - [25] . Based on above simulation results, when we introduced an extra phase delay by the artificial factors, making the resonant dip of MZI close to or far away from the resonant wavelength of FBG, then the lineshape of FBG resonance will convert to the other Fano-like and EIT-like lineshapes.
Experimental Demonstration and Tuning of the Fano-Like Resonance
The fabricated in-line fiber device allows different methods to tune the Lorentzian lineshape to Fanolike, even to EIT-like lineshape, such as heating, bending, or twisting the device. The total phase difference ϕ (sum of the phase shifts ϕ MZI , ϕ FBG , ϕ s and ϕ e ) between the interference pathways determines the resonant wavelengths of the MZI, and ϕ = (2m + 1)π satisfies the condition of destructive interference to form a transmission dip, where m is the order of the MZI. The wavelength λ m of the destructive interference dips can therefore be found at [26] 
The changes of n eff and L D will result in the shift of the resonant dips of MZI. From Eq. (3), the FSR can be approximated as
, and the FSR is inversely proportional to the L D and n eff .
According to FBG's resonant wavelength λ G = 2n eff and Eq. (3), with the heating, twisting, especially bending of the D-shaped section of the device, the total phase shift ϕ will be modulated as well as the transmission dips of MZI and FBG wavelengths. Drawing on the bending measurement principles from our previous work [20] , the shift of resonant dips of the MZI linearly depends on the curvature change C as
where d is the distance between the fiber core and cladding, and k is the strain-RI coefficient. Due to the asymmetric structure of D-shaped fiber, the behavior of wavelength shift is also dependent of the bending orientations. To change the curvature, the device was placed to form a simply-supported beam shown in [20] . By bending the device along the x-axis, the curvature was calculated by the equation
, where y is the displacement of the center of the fiber beam, and L is one half of the fiber beam length. We obtained the evolution of transmission spectra of the device with the curvature ranging from 0 to 0.3 m −1 , as shown in Fig. 3 . The four spectra correspond to the cases with the curvatures of 0, 0.1 m −1 , 0.2 m −1 , and 0.3 m −1 , respectively. Since the FBG is almost located in the neutral surface of D-shaped fiber, the bending only yields the shift of the resonant dips of MZI. For the unbent D-shaped fiber, the MZI presents a constructive interference peak at Bragg wavelength of FBG, resulting in a normal Bragg resonance and then a symmetric Lorentzian-shape resonant dip. As the applied curvature increases to 0.1 m −1 , the MZI interference blue-shifts, and the FBG's resonant dip evolves into a Fano-like lineshape with a sharp rising slope. If the curvature further increases to 0.2 m −1 , the destructive interference dip of MZI coincides with the resonant wavelength of FBG. Then, the superposed signal of the FBG and MZI converts into an EIT-like lineshape, where a sharp "transparency window" exhibits at the Bragg resonance overlapping the wide interference fringe [8] , [27] , as displayed in Fig. 3 . Compared with WGM-based structures [1] , [10] , there is a more prominent EIT-like spectrum, and the height of the transparency peak is up to ∼10.2 dB (shown in Fig. 3 ). When the curvature is larger than 0.2 m −1 , Fano-like resonance appears again. When the curvature increases to 0.3 m −1 , the asymmetric lineshape has a sharp falling slope, which is different from the case of 0.1 m −1 curvature. The above experimental observations indicate that the lineshape of the resonance depends critically on the position of the Bragg wavelength with respect to the MZI interference dip considering the coupling between the MZI resonance and the FBG-induced FP-type resonance. The lineshape can therefore be switched among the Lorentzian, Fano, and EIT types, which agrees well with theoretical results shown in Fig. 1(b) .
We can also twist the proposed device to implement the tuning of the Fano-like lineshape, by exploiting of that the resonances of MZI and FBG wavelength have difference responses to the torsion. The two pigtails of the device were mounted on two fiber rotators for twisting the 15 cm fiber device, and the fiber was kept straight to eliminate any bending effects. We rotated one of the two rotators to twist the device, and the torsional angle can be measured by the rotator. When the device was rotated from 0°to 180°with an increment of 30°, we obtained the transmission spectra of the fabricated device at different torsional angles, as shown in Fig. 4(a) . We can clearly observe that one of the resonant dips of the MZI moves towards the Bragg resonance of the FBG, and then the Fano-like resonance grows to EIT-like resonance while the MZI's resonant dip gradually fades away with the torsional angle changed from 0°to 180°. As shown in Fig. 4(b) , during the twisting, the wavelength of the Fano-like resonance keeps almost unchanged since the FBG always located in the neutral axis, but the MZI's resonant dip blue-shifts, resulting from twist-induced extra phase delay. By tracking the Dip A (marked in Fig. 4(a) ) of the MZI resonance, its twisting response coefficient is ∼79.94 pm/°.
Conclusions
We have constructed an in-line fiber structure to achieve a tunable Fano-like resonance lineshape by inserting a FBG in the MZI. In the theoretical analysis, we found the sharp asymmetric Fanolike lineshape appears when the Bragg wavelength of FBG locates in both side-shoulders of the interference of the MZI. Also, the lineshape strongly depends on the induced extra phase delay ϕ e , which determines the relative position of the resonances of MZI and FBG wavelength. In the experiment, we achieved the tuning of the Fano-like resonance and switched it among the Lorentzian, Fano, and EIT types by bending and twisting the device. Compared with other Fanolike resonance schemes achieved in photonic structures [1] , [9] - [11] , the proposed scheme can generate Fano-like resonance with only an in-line fiber structure, enabling a compact, stable and robust device. By merging the advantages of all-in-fiber device, this hybrid structure with fiber interferometer and grating shows great promises for Fano-like resonance based signal processing, multi-parameter measurement simultaneously, etc.
